Recent Advances in Swayback
By R. M. BARLOW, B.Sc., M.R.C.V.S. Edinburgh THE title "Recent Advances in Swayback" is perhaps misleading, implying work carried to a stage when definite conclusions may be drawn. This paper is an interim report of work in progress and any conclusions must be considered more in the nature of suggestions.
The investigation has entailed co-operation between clinician, biochemist, pathologist, and soil chemist and so I propose to give a general statement on swayback, followed by an account of our own findings with emphasis on the clinical and pathological features.
Though swayback has been known for well over a century no description appeared until 1917 when Gaiger mentioned it in an account' of "Renguera" a similar disease occurring in Peru. Since 1932 an extensive bibliography has developed and swayback or very closely related conditiohs are recognized in many parts of the world (Stewart, 1932; Bull et al., 1938; Bennetts, 1932; Bennetts and Beck, 1942; McDonald, 1942; Tabusso, 1942; Tpnes and Shearer, 1940; Palsson and Grimsson, 1953; Schulz et al., 1951; Dandemaev and Abramova, 1956;  Spais, 1956; Gracey and Todd, 1958) . A comprehensive review has been recently published by Innes and Saunders (1957) .
Clinicalfeatures.-Swayback is a condition affecting the lambs of apparently healthy ewes of all breeds, at birth or during the first few weeks of life. It is an afebrile, ataxic disease which may be progressive and fatal in all but the most mildly affected cases, and these may accommodate themselves to show almost complete recovery and may in turn give birth to healthy offspring. Ewes may give birth to healthy or affected lambs in successive years.
The most severely affected are stillborn, or weak at birth, may be unable to rise and suckle, and die within twelve to twenty-four hours. If bottle-fed they may survive for long periods. Less severely affected lambs will suckle naturally, but they walk with a staggering, spastic type of gait, often collapsing. The bleat is normal but they may be blind. The ataxia is most noticeable in the hind-limbs but sometimes also affects the fore-legs, and the degree of inco-ordination increases greatly with exercise or excitement. Death in these cases is often the result of secondary infections. Single lambs, or one or more siblings of a multiple birth, may be affected and to different degrees.
Pathology.- Innes and Shearer (1940) suggested that the condition was an antenatal, bilaterally symmetrical demyelination of the cerebrum with consequent destruction of the axis cylinders and later cavitation, together with secondary degeneration of the motor pathways. They compared it with Schilder's disease in man. The few pathological studies carried out since 1940 agree in general with these findings and such differences as there are will be discussed later. k:tiology.-Early attempts to incriminate an infectious agent met with no success, and it was not until the mid-1930s that Bennetts and Beck (1942) in Australia proved that the disease was associated with copper deficiency and could be prevented by administering copper supplements to pregnant ewes. His results were confirmed in this country by Dunlop et al. (1939) . An important etiological difference, however, between the disease in Australia and Britain is that in Australia the condition occurs on pastures low in copper, i.e. below 5 p.p.m.1 D.M.2 and frequently below 3 p.p.m., whereas in this country it occurs irrespective of copper content of the pasture and is prevalent in Derbyshire on pastures containing 7-15 p.p.m. copper or more (Allcroft, 1952) . Thus it appears that some conditioning factor may be involved which reduces the availability of copper to the animal (Green, 1951), or causes its increased elimination.
In cattle such a conditioned copper deficiency syndrome occurs on the teart pastures of Somerset, in which copper storage by the liver is reduced due to high dietary molybdenum (Ferguson et al., 1943; Dick and Bull, 1945; Cunningham, 1949) . There are, however, no records of swayback occurring on teart pastures, and an experimental attempt to produce the condition by feeding ammonium molybdate and sodium sulphate to pregnant sheep failed, though a degree of hypocuprosis associated with wool dystrophy and hypochromotrichia, was obtained (Wynne and McClymont, 1956) . Further, there are local areas in Westmorland where copper deficiency occurs in sheep, associated with wool dystrophy and wasting, in which swayback has not been known to occur (Heath, 1958) . These observations suggest that another factor operating in the presence of a low copper status may be necessary for swayback to develop. Antenatal plumbism has also been considered as a factor in the causation of swayback (Bennetts, 1935) but experimental support is lacking.
Thus although copper supplements provide a useful practical answer to the swayback problem little is known regarding the causal factors. The very variable annual incidence which reaches serious proportions on some farms in some years still makes the disease of considerable importance to the individual farmer, although on a national scale it is of small 'Parts per million. 2Dry Matter. consequence. Its importance in the field of comparative medicine need not be stressed. In this connexion there is the report of Campbell et al. (1947) on seven swayback research workers, four of whom developed disorders of the nervous system clinically indistinguishable from disseminated sclerosis.
The work in Edinburgh.-In the spring of 1956 a hill flock was encountered in which over 20 % of the lamb crop had been lost as the result of an ataxic condition. An account of the clinical features and pathology has already been published (Barlow, 1956) . At the time of examination all the remaining lambs were over a month old; the history and clinical signs suggested swayback, but in no case was it possible to demonstrate cerebral demyelination. The predominant lesion was a hyaline necrosis of multipolar nerve cells scattered throughout the nuclei of the brain-stem and ventral horns of the cord; though numerically insufficient it seemed to account for the clinical signs. The livers of the few lambs examined biochemically were found to have low copper values.
Accordingly it was resolved in collaboration with Dr. E. J. Butler of Moredun Institute and Dr. D. Purves of the East of Scotland College ofAgriculture to study this farm throughout the season 1956-57. The two adjacent farms, one of which had a similar history of ataxia, the other being alleged free, were also included for detailed observation. A controlled dosing experiment was carried out on one of these farms. In addition, during the 1957 lambing season another score of affected farms within the College area were visited, as detailed a history as possible taken, suspected cases examined clinically and material obtained for biochemical and pathological examination, and pasture for trace element analysis. Much of the information obtained has yet to be correlated and its significance assessed but it is hoped to publish a detailed report in due course. The following is a brief account of our findings so far.
More than 75 % of the outbreaks occurred on marginal or hill farms lying chiefly between the 500-1,500-feet contours, the sheep having a run-off to variable amounts of ploughed land. With few exceptions the disease occurred on land which had been heavily and repeatedly limed. Most of the farms had a previous history of sporadic cases or small outbreaks but in 1957 there was an overall increase in incidence, losses varying frorm 2-25 % of the lamb crop. The condition was seen in Blackfaces, Border Leicesters, Cheviots, and Suffolks, and their various crosses, but most commonly in Border Leicester x Blackface (Greyface) lambs.
The most severe cases were stillborn or very weak at birth and failed to rise and suckle the ewe and unless bottle-fed died very soon. Others could get to their feet and suck naturally but showed the typical ataxia which became more pronounced with exercise or excitement.
Fresh mild cases were noticed until the lambs were 8-10 weeks old.
In no case was there clinical evidence of hypocuprosis or other disease in the ewes. Soil and pasture from suspect areas were collected by a method designed to give representative samples (Calder and Voss, 1957) , and analysed spectrographically for a wide range of trace elements. With respect to copper, the herbage values obtained from 46 fields varied from 1-8-25-5 p.p.m. dry matter. The average was 5-9 p.p.m. and the standard deviation was roughly within the normal range for pasture in England and Wales reported by Eden (1944).
Biochemicalfindings.-Blood samples were taken from ewes giving birth to affected lambs on all the farms visited, and the copper levels determined. In addition the livers of all lambs taken for pathological examination were analysed, and in some cases the blood copper values of these lambs were also determined.
It was found that the mothers of swayback lambs had unusually low blood copper values, i.e. 60 ,ug./100 ml. and in some cases down to <10 ,ug./100 ml. Affected lambs were also found to have unusually low blood and liver copper. A close correlation between the degree ,of hypocuprosis at the time of sampling and the. severity of the lesions at post-mortem was not apparent, though these data have yet to be analysed statistically.
Dosing experiment.-The flock examined in 1956 was divided into two groups of about 100 ewes and 50 ewes respectively. The larger group was dosed with 1-0 gram of CuSO4 per os three times, at monthly intervals, during pregnancy, the last dose being given about ten days before lambing was due to commence. The other group was kept as a control. Blood copper levels of individual animals in both groups were determined at monthly intervals.
Further blood samples were taken from the adjacent farm which had no history of swayback.
Whilst very great differences in blood copper levels between individual sheep on both farms were found, the majority were below 60 ,g./100 ml., i.e. within the range where swayback is likely to occur (Allcroft, 1952) . The administration of copper sulphate produced no significant alteration in the blood copper levels when sampled one month after dosing. Subsequently it was found that the dosed group showed a 3% incidence of swayback whilst in the control group it was about 23 %. Some ewes giving birth to normal lambs had, in fact, significantly lower blood copper values than those with affected lambs. The adjacent farm which was similar in respect to geographical and climatic conditions, but where no liming or other attempts to improve the pasture had been made, had no cases of swayback, though the blood copper values of the ewes were within the swayback range. These findings bear out other authors' conclusions of a "one-way correlation" between low copper status and swayback (Allcroft, 1952) .
Pathology.-With only a few exceptions the lambs for pathological examination were freshly killed by a standard method, the central nervous system removed to fixative as soon as possible and the subsequent treatment of tissues was by standardised techniques throughout. A total of 47 lambs representing all ages from birth to 10 months old and all degrees of clinical involvement was examined.
The macroscopic cerebral lesions of cavitation or gelatinization described by Innes and Shearer (1940) were only observed in 38 % of cases, as compared with 70 % in their series of 167 cases. Unless hand-fed no lamb showing these lesions was more than 2 weeks old. On the other hand, equivalent clinical cases without gross cerebral lesions were found throughout the series. Some cases showed slight dilatation of the lateral ventricles and reduction in size of the diencephalon in the region of the anterior cerebral commissure.
Lesions were not observed in other organs apart from unilateral gluteal atrophy in one older case (9 months) and periglomerular fibrosis with tuft atrophy and hypertrophy of the lining epithelium of Bowman's capsule in the kidneys of a few cases aged 4-5 weeks. Similar renal lesions have been observed in other conditions of lambs (Butler et al., 1957; Hartley, 1953) .
Histology of the Central Nervous System
Cerebrum.-Even in the motor area cortical changes were few and consisted of dilatation of the perivascular spaces and occasional fine stippling of the cytoplasm of nerve cells with shrinkage and pericellular cedema.
The white matter of the hemispheres showed lesions varying from gross fluid-filled cavities to tiny foci of gelatinous appearance at the tips of the gyri or in the centrum ovale. The cavities were bounded by a feltwork of fibrous glia having the appearance of a compression capsule whilst the gelatinous areas consisted of a loose glial network containing few axis cylinders or myelin sheaths. Intense glial proliferation has not been seen, no inflammatory reaction observed, and in all but 2 recent cases fat phagocytes have been remarkably few in number; findings which are in close agreement with those of Innes and Shearer (1940) . In 2 cases, however, masses of gitter cells have been present around the lesions extending into the adjacent cortex along the vessels. Using Spielmeyer and Marchi techniques, normal myelin appeared to extend up to the edge of the lesions.
In 62 % of cases, however, no lesions of cerebral myelin could be detected, which compares with the findings of McDonald (1942).
Cerebellum.-No lesions were observed apart from a few Marchi-positive fibres in the corpus medullare of the youngest animals.
Brain-sterm and cord.-In 97 5% of all cases under 12 weeks old chromatolytic changes extending to a hyaline-like necrosis were found in varying numbers of the large neurons of the stem and ventral horns of the cord, and using Holmes ' (1947) technique the neurofibrillary apparatus would appear to be damaged in a larger proportion. The number and situation of affected cells varied from case to case. Cell changes have been mentioned by Stewart (1932) , Innes and Shearer (1940) , McDonald (1942),Dandemaev and Abramova (1956) .
In the younger cases Marchi-positive fibres have been seen running through the brain-stem to become localized in the dorsolateral and sulcomarginal funiculi of the cord. Smaller concentrations were also seen in the septomarginal funiculi. In no case has sclerosis of the cord (McDonald, 1942) Normal animals.-A small series of normal animals has been examined by the same standardized methods. In those under 10 days old Marchi-positive material has been found in the same sites as in swayback lambs. In addition similar quantities of sudanophilic material were present between nerve fibres and in the perivascular spaces.
Examination of material prepared by a bulk fixation technique has indicated that some of the Marchi-positive material may be, in fact, stretch artifact (Smith, 1951 (Smith, , 1956 .
A preliminary histological examination of fetal nervous tissue has revealed a picture somewhat similar to that seen in some cases of swayback. The cortical neurons show fine stippling of the cytoplasm and lie in "retraction spaces" and areas of active medullation have the appearance of the gelatinous lesions of the disease, similar quantities of sudanophilic material being present. Further work, however, is required to determine how far this similarity exists.
DISCUSSION
Our clinical, chemical and biochemical observations bear out those of previous workers to a large extent and identify the condition we are studying with that previously described.
In our experimental group of farms the one on which no cases of swayback occurred was adjacent to the one showing a 23 % incidence in the untreated group. The geographical and *climatic conditions were similar on both farms, and comparable copper values were found in both pasture and sheep. On the farm with the disease, however, a more intensive flock and pasture management was practised which included heavy repeated liming over a period of years. It would appear that some factor associated with this type of management may be involved in the causation of swayback.
The definitive cerebral lesions were observed in only 38 % of our cases as compared with 70 % in Innes' series. It was not possible to predict clinically the presence or absence of these lesions in animals less than 2 weeks old and thus one is inclined to doubt that they constitute the significant lesions of the disease.
The presence of necrotic neurons in 97 5 % of our cases, on the face of it, appears to be much more significant. In many instances, however, these are not numerous and even taking into account the less severe chromatolytic changes in other nerve cells, the total number of cells involved frequently does not appear to be sufficient to account for the ,clinical condition of the animal. It is tempting to postulate the presence of an extensive -functional lesion of neurons not visible by the methods so far employed. In this connexion mitochondria and Golgi apparatus may be worthy of attention.
In spite of the varying degree of cerebral involvement, the extent of the so-called "secondary tract degenerations" appeared remarkably constant and did not seem to be related to the -numbers of abnormal multipolar nerve cells observed in the brain-stem. It thus seemed likely that some of this Marchi-positive material was artifact. If so, the constancy of distribution at all levels of the cord suggested that it might be the result of stretching of unfixed fibres.
The study of the central nervous system of normal lambs of equivalent ages by the same -standard techniques showed a similar distribution of Marchi-positive fibres. Bulk fixation methods designed to avoid stretching of unfixed fibres may reduce this to some extent.
This modified treatment of tissues has still to be applied to swayback material but in the light of these findings it seems likely that some difficulty may be experienced in interpreting the results.
The relatively small amounts of intraand extra-cellular lipoid present around the cerebral lesion in the great majority of cases have been considered as evidence of a demyelinating process. That similar amounts are present in animals showing no lesions, in normal -young animals and also in feetuses where medullation is occurring lends support to the theory that the cerebral lesion is due to myelin aplasia rather than demyelination. This theory was advanced by Innes and discarded as untenable on the grounds that in swayback the". . . brain as a whole is a well-developed full-time organ in respect of size, conformity and structure . . ." and because " . . . it would not explain the porous areas, the gross cavitation, nor the myelin destruction demonstrated by positive staining reactions (Marchi or Scharlach R methods)...."
Further support for an aplasia or dysplasia theory may become apparent from a closer -study of the feetal cerebrum prior to the completion of medullation, in relation to the swayback brain showing the gelatinous lesion. Superficially they appear to show some similarity. CONCLUSIONS (I) Whilst the clinical picture of swayback is fairly characteristic, variations in the pathological manifestations have been observed.
(2) Though diagnostic when present, the inconstancy of the cerebral lesion, and its absence in some of the more severe cases, suggests that the fundamental lesion may be elsewhere.
(3) The interpretation of Marchi preparations of the spinal cord taken by routine methods should be treated with reserve.
(4) The presence of necrotic neurons is a useful aid to diagnosis. The suggestion of more -widespread cellular changes indicates the need for further work.
(5) Similarities between normal foetal and swayback brains have been observed which would support the theory of myelin aplasia or dysplasia, if substantiated. I shall begin by referring to the report of Campbell et al. (1947) which has naturally received prominence in the world literature on demyelinating disease. It will be remembered that four out of seven research workers on swayback were thought to be affected by a disease indistinguishable from multiple sclerosis. Since over ten years have now elapsed, ample time would seem to have occurred for re-assessment of this report. In this instance some fresh information would seem to be a paramount scientific need. The clinically most typical case of the four was the only one known to me; this patient eventually succumbed to multiple sclerosis which-I think by a curious coincidence only-happened to be of a rather "transitional" type with diffuse cerebral demyelination and with plaques of the more typical discrete type only in the optic pathway, cerebellum, brain-stem and cord. I hope to report and illustrate the pathological findings in this case elsewhere in full detail. As far as I can ascertain this case was purely coincidental and has no relevance whatsoever to the swayback problem. If we were to learn that the diagnosis of multiple sclerosis is no longer tenable in the remaining cases cited in the 1947 report I think it would be of real value in the difficult field of multiple sclerosis research.
The suggestion of communicability implicit in the swayback report reminds us that the infection hypothesis is the oldest and still most widely favoured among neuropathologistsa view reiterated by Greenfield et al. (1958) . The Shubladze vaccine, too, has been the subject of recent lay and medical publicity (1958, Brit. med. J., i, 821) . Two facts call for re-emphasis:
(1) The Russian E.H.A. virus, strain Sv. ("encephalomyelite humaine aigue", from patient Sv.), used for the vaccine, was isolated from a case that would not be diagnosed as multiple sclerosis here (Margulis et al., 1946) ; and (2) the vaccine is a (rodent) brain suspension and, even though formolized, liable to produce allergic encephalitis in view of what we know of the experimental disease. The virus question is therefore still entirely open. Supporters of a virus etiology have criticized the earlier negative work on the grounds that a causative virus for multiple sclerosis might be human-specific as well as brain-specific. To investigate this an attempt was made to work out a tissue culture method using human nervous tissue, with neurons, neuroglia and cerebral mesoblastic cells, and taking fresh plaque material under aseptic conditions within the first few hours (Lumsden, 1957c) . The method came as closely as possible to satisfying technically the most stringent criticisms since it succeeded in
